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Antimatter production in proton-proton and heavy-ion collisions at ultrarelativistic energies
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One of the striking features of particle production at high beam energies is the near-equal abundance of
matter and antimatter in the central rapidity region. In this paper we study how this symmetry is reached as
the beam energy is increased. In particular, we quantify explicitly the energy dependence of the approach to
matter-antimatter symmetry in proton-proton and in heavy-ion collisions. Expectations are presented also for the
production of more complex forms of antimatter such as antihypernuclei.
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I. INTRODUCTION

One of the striking features of particle production at
high energies is the nearly equal abundance of matter and
antimatter in the central rapidity region [1,2]. It is believed
that a similar symmetry existed in the initial stage of the
universe. It remains a mystery how this symmetry got lost
in the evolution of the universe, reaching a stage with no
visible amounts of antimatter being present. Closely related
to the matter-antimatter symmetry is the production of light
antinuclei, hypernuclei, and antihypernuclei at high energies,
especially in view of the recent observation of the anti-4He
nucleus by the STAR Collaboration [3].

Since the first observation of hypernuclei in 1952 [4], there
has been steady interest in searching for new hypernuclei
and exploring the hyperon-nucleon interaction, which is
relevant for nuclear physics (see, e.g., [5–8]). Hypernuclei
decay with a lifetime that depends on the strength of the
hyperon-nucleon interaction. While several hypernuclei have
been found since the first observation, no antihypernucleus
has ever been observed until the recent discovery of the
antihypertriton in Au + Au collisions at

√
sNN = 200 GeV

by the STAR Collaboration at the Relativistic Heavy Ion
Collider (RHIC) [9]. The yield of (anti)hypernuclei measured
by STAR is very large; in particular they seem to be produced
with a yield similar to that of other (anti)nuclei, such as
(anti-)3He. This abundance is much higher than that measured
for hypernuclei and nuclei at lower energies [10]. It is of
interest to understand the nature of this enhancement, and
for this reason the systematics of antimatter production in
high-energy hadron-hadron and heavy-ion collisions should
be investigated.

The analysis of particle production to assess the degree
of thermalization of the particle source has been undertaken
over many decades [11–16]. It has been found that the
thermalization assumption applies successfully to hadrons
produced in a large number of particle and nuclear reactions at
different energies [17–25]. This fact allowed the estimation of

thermal parameters characterizing the particle source for each
colliding system, which is relevant for the understanding of
the thermal properties of dense and hot matter and for studies
of QCD phase transitions [26,27].

In this paper, using the energy dependence of thermal
parameters obtained from the statistical-thermal model anal-
ysis of particle yields in heavy-ion collisions [28,29], we
present model estimates for (anti)hypernuclei multiplicity that
can be directly compared to the recent results obtained in
central Au + Au collisions at RHIC. We discuss systematics
of (anti)matter production at different energies. We also make
predictions of (anti)matter and (anti)hypernuclei production at
the Large Hadron Collider (LHC).

Recently, a very interesting analysis of the production of
light nuclei, hypernuclei, and their antiparticles in central
heavy-ion collisions was performed [30] within the statistical-
thermal model. It was found that ratios of hypernuclei to �

particles exhibit an energy dependence similar to the K+/π+
ratio, with a clear maximum at low energy. The present work
is considered to be an extension of the analysis performed in
Ref. [30].

First, we compare the statistical-thermal model results for
(anti)baryon production in heavy-ion and in proton-proton
collisions. This, in general, requires knowledge of the energy
dependence of thermal parameters in p + p collisions, which
is proposed in this paper based on recent data. In this
context, we study quantitatively how the matter-antimatter
symmetry is reached as the beam energy is increased for
both p + p and heavy-ion collisions. We also discuss the role
of the strangeness content of particles and quantify different
antibaryon/baryon ratios in p + p and in heavy-ion collisions
at Super Proton Synchrotron (SPS), RHIC, and LHC energies.

Second, we compare predictions of the statistical-thermal
and coalescence models for different ratios of (anti)nuclei and
(anti)hypernuclei in the context of recent STAR data obtained
in central Au + Au collisions at the top RHIC energy.

The paper is organized as follows: In Sec. II we discuss
features of the statistical-thermal model. In Sec. III we
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compare the antibaryon/baryon ratios in p + p and heavy-
ion collisions and obtain the energy dependence of thermal
parameters in p + p collisions. We demonstrate the scaling
behavior of the antibaryon/baryon ratios with their strangeness
content. In Sec. IV we apply the thermal and the coalescence
models to the production of nuclei and hypernuclei and their
antiparticles. We also make predictions for (anti)nuclei and
(anti)hypernuclei yield ratios at LHC energy. In Sec. V we
summarize our results.

II. THE STATISTICAL-THERMAL MODEL

The statistical-thermal model assumes that in a high-
energy collision at freeze-out all hadrons follow equilibrium
distributions. The conditions at chemical freeze-out where
inelastic collisions cease are given by the hadron abundances,
while the particle spectra offer insight into the conditions at
thermal freeze-out where elastic collisions cease. Once thermal
parameters are fixed, the hadron-gas partition function gives
all primordial thermodynamic observables of the system. The
exact form of the partition function, however, depends on the
statistical ensemble under consideration.

Within the grand-canonical (GC) ensemble, the quantum
numbers of the system are conserved on average through the
action of chemical potentials [24]. In other words, the baryon
B, strangeness S, and charge content Q are fixed on average
by the μB , μS, and μQ chemical potentials, respectively. For
each chemical potential one can introduce the correspond-
ing fugacity λ = eμ/T , where T is the temperature of the
system.

In the GC ensemble the density of hadron species i with
mass mi , quantum numbers Bi , Si, and Qi , and spin-isospin
degeneracy factor gi is expressed through the second-order
modified Bessel function K2(x) as

ni(T ,μB,μS, μQ) = gi

2π2
m2

i T λ
Bi

B λ
Si

S λ
Qi

Q K2

(mi

T

)
. (1)

The above form, valid in the Boltzmann approximation, is
easily generalized to quantum statistics [28,29].

In the application of the statistical-thermal model the
chemical potentials μS and μQ are typically constrained in
the initial stage by the strangeness neutrality condition and by
the fixed baryon-to-charge ratio. However, it is well established
that the usual form of the statistical-thermal model formulated
in the GC ensemble cannot be used when the temperature or
the volume parameter V or both are small [24,31]. As a general
rule one needs V T 3 > 1 for a grand canonical description to
hold [32–34]. This condition is not usually justified in p + p

collisions, requiring canonical (C) formulation of strangeness
conservation. The exact strangeness conservation causes a
suppression in particle ratios of strange (or multistrange)
hadrons to pions or any strangeness neutral particles as
compared to the corresponding ratio in the grand-canonical
limit. The key parameter governing this effect can be quantified
by the strangeness correlation volume [31].

III. PRODUCTION OF ANTIBARYONS

The chemical freeze-out conditions in heavy-ion collisions
at various energies were shown to follow a curve in the
temperature–baryo-chemical potential plane [35], which has
been phenomenologically parametrized as [36]

T (μB) = a − bμ2
B − cμ4

B, (2)

μB = d/(1 + e
√

sNN), (3)

with a = 0.166 ± 0.002 GeV, b = 0.139 ± 0.016 GeV−1,
c = 0.053 ± 0.021 GeV−3, d = 1.308 ± 0.028 GeV, and e =
0.273 ± 0.008 GeV−1. This parametrization is quantitatively
similar to the one proposed in Ref. [37] and results in a
very satisfactory description of different particle excitation
functions measured in nucleus-nucleus collisions.

The increase of the antimatter-to-matter ratio in heavy-ion
collisions with the increase of center-of-mass energy has been
observed by the NA49 [38,39] and STAR [40] Collaborations.
Figure 1 shows changes of the p/p ratio with collision energy
at mid-rapidity in central heavy-ion and in p + p collisions.
The data from the NA49 and STAR Collaborations are
compared with new results from the ALICE Collaboration [2].
There is a clear increase of this ratio toward unity, indicating
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FIG. 1. (Color online) The p/p ratio (a) and the corresponding
μB (b) as a function of

√
sNN. The solid circles are results from

p + p collisions and the open squares are results from heavy-ion
collisions [1,2,38–40]. The dashed line is the parametrization for
heavy-ion collisions from Ref. [36], while the solid line is the new
parametrization for p + p collisions.
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approximate symmetry of matter and antimatter at the LHC
energy. There is also a clear increase of the p/p ratio when
going from heavy-ion toward p + p collisions.

In Fig. 1 data are compared with statistical-thermal model
results. In heavy-ion collisions the energy dependencies of the
model parameters were taken from Eqs. (2) and (3). There is
a clear agreement of model predictions with data. For p + p

collisions no systematic analyses of model parameters versus
energy were performed before now.

If (anti)nucleons are directly originating from a thermal
source, then from Eq. (1) (i.e., neglecting feed-down from
resonances) it is clear that the p/p densities ratio

np

np

= exp(−2μB/T ) (4)

is quantified by the values of μB/T . Thus, an increase in the
p/p ratio from heavy-ion to p + p collisions, seen in Fig. 1,
is due to a decrease in the μB/T value.

To extract the corresponding μB and T at fixed en-
ergy in p + p collisions we have used the THERMUS code
[28,29], which correctly accounts for feeding corrections to
(anti)nucleons from decays of heavier resonances.

The p/p ratios measured in p + p collisions, shown in
Fig. 1, have been fitted using the statistical-thermal model by
varying only the parameters d and e in Eqs. (2) and (3). We
have used the same T (

√
sNN) dependence for p + p as for

heavy-ion collisions. This is justified by the observation that
at high energies there is no noticeable change in T between
central and peripheral heavy-ion collisions as well as p + p

collisions [41]. The resulting baryo-chemical potential μB is
shown in the lower part of Fig. 1 by filled circles. In addition,
applying the parametrization of μB(

√
sNN) as in Eq. (3),

μB = dpp/(1 + epp
√

sNN), (5)

we have found that, in p + p collisions, dpp = 0.4 GeV and
epp = 0.1599 GeV−1. The solid line in the lower part of Fig. 1
shows the energy dependence of μB in p + p collisions from
Eq. (5). For comparison, also shown in this figure is the energy
dependence of μB expected in heavy-ion collisions. From
Fig. 1 it is clear that at mid-rapidity μB is always lower in
p + p than in heavy-ion collisions. This observation reflects
the fact that at mid-rapidity the stopping power in p + p

collisions is less than in heavy-ion reactions. The change of
the p/p ratio with energy in p + p collisions is quantified in
the upper part of Fig. 1 using the parametrization of μB(

√
sNN)

from Eq. (5).
When neglecting feed-down contributions from resonances,

the antibaryon/baryon ratio composed of NS-strange quarks or
antiquarks,

nB

nB

= exp[−2(μB − NSμS)/T ], (6)

is modified by the strange chemical potential. As μS is always
smaller than μB (see, e.g., [24,42]), the above ratios should
appear ordered with the strangeness quantum numbers; i.e., as
NS increases, the difference between antibaryon and baryon
yields decreases.

Figure 2 shows data on strange antibaryon/baryon ra-
tios from SPS and RHIC energies compared with model
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FIG. 2. (Color online) Antibaryon-to-baryon ratios sorted accord-
ing to their strangeness content. Circles (solid horizontal line) refer to
p + p collision data (model calculations) and open squares (dashed
horizontal line) refer to heavy-ion collision data (model calculations).
(a) Results at SPS energy and (b) at RHIC energy.

calculations using the THERMUS code. The data and the model
results in both p + p and heavy-ion collisions are in good
agreement. There are clear trends in strange antibaryon/baryon
ratios already expected from the simplified Eq. (6). (i) With in-
creasing strangeness quantum number, the antibaryon/baryon
ratios are increasing and approaching unity. (ii) In heavy-ion
collisions the B/B ratios are smaller than in p + p collisions
due to larger values of μB . This is particularly evident at SPS
energies, where the difference in μB in p + p and Pb + Pb
systems is larger than at RHIC. (iii) The differences between
heavy-ion and p + p collisions decrease with increasing√

sNN. At LHC energies the p/p ratio is close to unity, and
therefore the abundances of strange and antistrange baryons
should be similar.

IV. PRODUCTION OF (ANTI)NUCLEI
AND (ANTI)HYPERNUCLEI

A. Comparison to data from RHIC

The relative production of antimatter to matter, expressed
by ratios of antibaryon/baryon yields, was shown in the last
section to be well described by the statistical-thermal model.
Thus it is of interest to verify whether the recently observed
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production of light (anti)nuclei including (anti)hypertritons
(3
�H) in heavy-ion collisions at RHIC [9] also follows a pattern

expected in the statistical-thermal model.
Studying the antinuclei/nuclei ratio in the statistical-thermal

model, we see that an extra factor of μB is added each time
the baryon number is increased. Thus each nucleon adds a
factor of μB in the exponent of the Boltzmann factor in Eq. (1).
Therefore the production of nuclear fragments is very sensitive
to the value of the baryo-chemical potential. Consequently the
antinuclei/nuclei ratios are excellent observables for a precise
determination of μB .

Deuterium has an additional neutron and the antideu-
terium/deuterium ratio in the statistical-thermal model is
given by

nd

nd

= exp(−4μB/T ). (7)

By neglecting contributions of heavier resonances to nucleon
yields, it should be similar to the square of the antipro-
ton/proton ratio. 3He has three nucleons and the corresponding
anti-3He/3He ratio is given by

n3He

n3He
= exp(−6μB/T ), (8)

which then is ∼ (p/p)3.
If the nuclei carry strangeness, this leads to an extra term

μS and the antihypertriton/hypertriton ratio reads

n3
�H

n3
�H

= exp[−(6μB − 2μS)/T ]. (9)

In mixed ratios, i.e., ratios of different nuclei (or antinuclei),
there appears an extra factor due to different degeneracy and
masses; e.g., in the statistical-thermal model,

n3
�H

n3He
= g3

�H

g3He

(m3
�H)2

(m3He)2

K2(m3
�H/T )

K2(m3He/T )
exp(−μS/T ). (10)

Figure 3 shows comparisons of the statistical-thermal
model results for different (anti)nuclei ratios with recent
experimental data from the STAR Collaboration. The data on
the 3He and 3He yields have been corrected for contamination
from hypertriton and antihypertriton decays, assuming a
decay branching ratio of 25%. Consequently, in the model
calculations, such decays have not been included.

In the statistical-thermal model, following Eqs. (8) and
(9), ratios of (anti)nuclei/nuclei are entirely quantified by the
μB/T and μS/T values. From Fig. 3 it clear that, using
the thermal parameters at chemical freeze-out obtained from
the analysis of particle yields at RHIC, there is an excellent

description of measured ratios of 3He/3He and 3
�H/3

�H.
However, deviations are seen on the level of the mixed ratios
3
�H/3He and 3

�H/3He.
In elementary collisions, nuclei and antinuclei as well as

hypernuclei and antihypernuclei can be produced by direct
pair production. In heavy-ion collisions, due to final-state
correlations, a different production mechanism opens up
through hadron coalescence. Indeed, production of nuclei in
Pb + Pb collisions at

√
sNN = 17.3 GeV at the CERN SPS [43]

has been found to be consistent with a coalescence picture,
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FIG. 3. (Color online) Comparison of results from the STAR
Collaboration with the statistical-thermal and the coalescence models.
For the latter, both experimental values [44,45] (dashed lines) and
values from the statistical-thermal model (dash-dotted lines) have
been used.

while this was not the case in p + Be collisions at the same
energy.

In the most straightforward coalescence picture the ratios
of different (anti)nuclei can be directly related to ratios of
hadronic yields. In particular,

3He
3He

= ppn

ppn
�

(
p

p

)3

, (11)

3
�H
3
�H

= pn�

pn�
�

(
p

p

)2
�

�
, (12)

3
�H
3He

= pn�

ppn
� �

p
, (13)

and

3
�H
3He

= pn�

ppn
� �

p
. (14)

Comparing results of the statistical-thermal model with
the coalescence framework, one sees that some ratios are
quite similar. Indeed, from Eqs. (8) and (11) as well as from
Eqs. (9) and (12) it is clear that, by neglecting feed-down from
resonance decays, the statistical-thermal model coincides with

coalescence predictions for the 3He/3He and 3
�H/3

�H ratios
(see also Ref. [30]). Thus, as long as the key input ratios
p/p and �̄/� are in agreement with the thermal descriptions,
the measured ratios do not allow one to distinguish between
the two mechanisms. However, differences between these
models are seen on the level of mixed ratios, 3

�H/3He and
3
�H/3He, due to different masses of nuclei. From Eqs. (10)
and (13) one finds that, when neglecting binding energy
of nuclei and feed-down corrections, the statistical-thermal
model differs from the coalescence framework by a factor
of (1/3 + 2mp/3m�)3/2. Consequently, the statistical-thermal

model results for the 3
�H/3He and 3

�H/3He ratios should be
lower than those obtained in the coalescence picture.

The results from the coalescence model [6,46] are
compared to data from the STAR Collaboration and the
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FIG. 4. (Color online) Comparison of different particle ratios
calculated in the statistical-thermal model using T = 170 MeV.
(a) Results for p + p and heavy-ion collisions at

√
sNN = 200 GeV.

(b) Results for heavy-ion collisions at different collision energies.
(c) Prediction for p + p and Pb + Pb collisions at

√
sNN = 7 TeV.

statistical-thermal model predictions in Fig. 3. The coales-
cence estimate was obtained using the p/p, �/�, �/p,
and �/p ratios both measured by the STAR Collaboration
[9,44,45] and obtained from the THERMUS calculations.

We note that in the coalescence picture the equilibrium
abundances of particle yields are not required. Consequently,
(anti)nuclei produced from the off-equilibrium medium can
lead to particle ratios being in agreement with the simple

coalescence estimate discussed above. However, this is no
longer the case for the statistical-thermal model, which
requires statistical order of particle yields in the final state.

B. Predictions for RHIC and LHC energies

In the preceding section we concentrated on the statistical-
thermal model description of (anti)matter production in heavy-
ion collisions up to RHIC energies. In the following we
extend our discussion to higher incident energies and quantify
differences between p + p and heavy-ion collisions.

In Fig. 4 we compare p + p and heavy-ion collisions at
both RHIC and LHC energies. For simplicity, we use

√
sNN =

7 TeV for the LHC energy in this figure. The values of the
actual energies are given in Table I. In the context of the
statistical-thermal model, the difference between these two
colliding systems is caused by different values of μB and
by the effect of canonical suppression in p + p collisions.
The ratios of antinuclei to nuclei without strangeness content
are only affected by the baryo-chemical potential, which at
mid-rapidity is smaller in p + p than in heavy-ion collisions,
as discussed earlier.

Figure 4(a) nicely demonstrates that with increasing mass
the effect of μB becomes stronger, yet a strangeness content
causes an opposite trend, as discussed earlier. The ratio of
hypertriton to 3He and the corresponding antimatter ratio show
the effect of the canonical suppression reducing the yield of
(anti)baryons carrying strangeness. For the chosen correlation
volume with Rc = 1.5 fm, the difference is not dramatic but is
very noticeable.

The effect of increasing collision energy is demonstrated in
Fig. 4(b). Here, the differences between the antimatter/matter
ratios in heavy-ion collisions at RHIC and LHC energies are
essentially due to the decreasing value of μB . At LHC energy,
the chemical potential is smaller than 1 MeV, resulting in the
antimatter/matter ratio being close to unity. The ratios of the
(anti)hypernuclei/(anti-)3He remain nearly unchanged from
RHIC to LHC energies since here the effect of μB is only due
to the strange chemical potential, which is small. These ratios
are dominated by mass differences and degeneracy factors.

The expectations for LHC energies are studied in
more detail in Fig. 4(c) by comparing p + p and Pb+Pb

TABLE I. Particle ratios for p + p and heavy-ion collisions. GC
refers to grand canonical. The values of

√
sNN and of the canonical

radius Rc are given.

Ratio Au + Au Pb + Pb p + p

200 GeV 2.76 TeV/5.5 TeV 7 TeV
GC GC Rc = 4 fm/1.5 fm

p/p 0.77 0.98/0.99 0.996/0.996
�/� 0.82 0.985/0.993 0.997/0.997
d/d 0.59 0.96/0.98 0.99/0.99
3
�H/3

�H 0.48 0.95/0.97 0.99/0.99
3He/3He 0.45 0.94/0.97 0.99/0.99
3
�H/3He 0.36 0.37/0.37 0.37/0.30
3
�H/3He 0.38 0.37/0.37 0.37/0.30
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FIG. 5. (Color online) Comparison of model calculations of
various nuclei ratios with different masses for Au + Au collisions
at

√
sNN = 200 GeV. The model results obtained with different

freeze-out temperatures are compared with recently measured values
[3,47].

collisions. For simplicity, in both cases a collision energy of
7 TeV has been chosen. The ratios do not change between√

sNN = 2.76 and 7 TeV. Table I gives the ratios for the
energies under study at the LHC. The antimatter/matter
ratios hardly change from p + p to heavy-ion collisions.
All antiparticle/particle ratios are close to unity. The ratios
of (anti)hypernuclei/(anti-)3He exhibit the influence of
canonical suppression for the correlation volume (see Sec. II)
corresponding to Rc = 1.5 fm [31]. For larger Rc the canonical
effect is reduced and already for Rc = 4 fm can be neglected.

The predictions of the statistical-thermal model for ratios
of particles with different masses are shown in Fig. 5. The
calculations have been done for Au + Au collisions at

√
sNN =

200 GeV.
The thermal model results presented so far were obtained

with the freeze-out temperature from Eqs. (2) and (3).
It is clear that ratios of nuclei with different masses are
strongly influenced by the value of the freeze-out temper-
ature. Figure 5 shows the statistical-thermal model results
obtained with T varying between 110 and 170 MeV. These

calculations are compared with recent data from the STAR
Collaboration, which includes the observation of α parti-
cles [3,47]. Figure 5 indicates that more data are needed
before the freeze-out temperature for antinuclei can be
deduced.

V. SUMMARY

We have discussed in a systematic manner the production
of (anti)matter in high-energy collisions within the statistical-
thermal model. We have focused on a general comparison of
the production of antibaryons and antinuclei. The variation of
p/p ratios with

√
sNN being different for p + p and heavy-ion

collisions has been used to obtain the parametrization of the
energy dependence of thermal parameters in p + p collisions
beyond the SPS energy. We have demonstrated the scaling
behavior of (anti)baryon/baryon ratios with the strangeness
quantum number and we have shown the changes in these
ratios for p + p and heavy-ion collisions with changing

√
sNN.

We have compared the measured ratios of nuclear and antin-
uclear fragments in heavy-ion collisions with the statistical-
thermal model and with the coalescence model. Based on
the successful description of existing data, we have made
predictions for (anti)matter production in p + p and heavy-ion
collisions at LHC energies.
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